biological organization, ranging from molecules to humans, including clinical investigations. It is published 12 times a year investigations that illuminate normal or abnormal regulation and integration of physiological mechanisms at all levels of publishes original
ties from 80 to 4,900 mM NaCl. In medium containing 20 mM NaCl, the hemolymph was hyperosmotic to the medium, with osmolarity of 101 t 8 mosmolil and with ]NaJ of 49 rt II meq/ 1. Whereas the maximal observed NaCl concentration gradient between hemolymph and medium was 4,785 mM, during the incubation of nauplii in artificial seawater (osmolarity: 932 mosmolll; and INa]: 502 meq/l) the osmolarity and (Na] of the naupliar hemolymph were 161 2 SD 16 mosmol/l and 86 2 14 meq/l, respectively. The influx and efflux of Na between medium and hemolymph were measured using ?'Na. The fluxes of this ion were temperature dependent. The main site of ef?lux of ')?Na was the neck organ as was shown by experiments of differential recovery of ??Na introduced in the hemolymph.
These studies demonstrate that the nauplius of A. saLina has the ability to osmoregulate not only against high environmental salinities but also against low salinities approaching those of freshwater. sodium concentration; hemolymph; neck organ BY USING MICROPUNCTURE and microanalytical techniques, we have investigated directly the osmotic regulatory capabilities of the larvae (nauplii) of the brine shrimp (Artemia salina). Both the nauplii and the adults of this species thrive in concentrations of 0.5-15 g/100 ml NaCl, and in the Great Salt Lake of Utah they have been observed swimming among sodium chloride crystals in the saturated brine (20) . Most species of plants and animals cannot survive under such extremes of osmotic stress, but a few species have developed special adaptive mechanisms which allow them to cope with the salinity. The salt secretory organ is one type of adaptive mechanism which maintains internal sodium concentrations at levels lower than those of the external environment, thereby actively producing a sodium gradient. Examples of this type are the avian salt gland (151, the reptilian salt gland (14), the piscine gill (ll), and the salt-secreting branchiae of the adult brine shrimp (2-6). Although the nauplius of the brine shrimp has no salt-secreting branchiae, it does have a domal appendage ("neck organ") on the dorsal side of the cephalothorax which exhibits certain ultrastructural similarities to the branchiae of the adult (1). Recently, several articles describing morphological, biochemical, and other aspects of the adaptive mechanisms of brine shrimp nauplii in various saline media have appeared in the literature (1, 7, 8, 10) . The validity of the interpretation of these data depends on the basic assumption that the internal environment (hemolymph) of the nauplii is hypotonic to seawater and to more concentrated briny solutions.
The goal of this investigation has been to demonstrate directly that there-is an osmotic gradient between naupliar hemolymph and media and that the neck organ is indeed an osmoregulatory organ. These studies have shown: 1) the existence of an osmotic gradientbetween the hemolymph of the nauplius and the aqueous medium in which the nauplii are suspended; 2) the fact that the main osmotically active ions are sodium and chloride; 3) the ability of the nauplius to adapt to media of different salinities; 4) that temperature-dependent bidirectional fluxes of 2zNa occur in nauplii; and 5) suggestive evidence that the neck organ of the nauplius may be the salt-regulatory organ. These findings demonstrate that the nauplius of the brine shrimp A. salina can be used for the study of the mechanisms of survival in highly salty environments through maintenance of extreme gradients of salinity between body fluid and medium.
METHODS
Hatching of the nauplii. Dried brine shrimp cysts collected from the Great Salt Lake of Utah were obtained from Longlife Fish Products, Sternco Industries, Harrison, N. J., and were stored at 4°C until used. In preparation for hatching, I g of cysts was suspended in 1 liter of an artificial seawater solution and incubated for 48 h at 25°C. The artificial seawater solution was obtained from Jungle Laboratories, Sanford, Fla., and dissolved in distilled water in proportions to make a solution equivalent to 0.6 M NaCl. The composition of this artificial seawater was fairly stable from batch to batch as shown in Table 1 . The suspension of cysts was placed in a 2-l round-bottom flask that had been soaked for 24 h in the seawater solution A piece of glass tubing R216 connected to a source of filtered compressed air was placed in the suspension and secured so that its tip was about 1 cm from the bottom of the glass flask. Enough air to keep the cysts in suspension was bubbled through the medium during incubation. After 48 h of incubation, a significant number of the cysts had hatched and nauplii in the first instar stage of development (9) cculd be seen swimming in the suspension.
Separation of the nauplii. In order to separate the nauplii from the unhatched cysts and empty cyst shells, the culture was decanted from the incubation flask into a specially prepared separatory funnel. This funnel was wrapped with a dark-colored paper that admitted light only at the bottom. A short time atier the transfer most of the unhatched cysts, which had settled into the bottom of the separatory funnel, were removed and discarded. Next, a fluorescent light was placed at the bottom of the funnel, eliciting the phototactic response of the nauplii and causing them to concentrate in this area. Afier the nauplii were concentrated in the bottom they were filtered through a large-mesh filter paper (Miracloth, Ch icopee Mills, N. Y.). While on the filter paper the shrimp were washed with 10 ml of 0.5 M choline chloride. The paper was then spread out on a flat surface, and several samples of 0.05 ml of the nauplii were obtained with a small spatula and transferred to each of the various acclimation media. During this procedure the nauplii were outside of their media for less than a minute, and no apparent ill effects were observed, Acclimation of the nauplii. In order to ensure equilibration of the ions and the glassware, all the acclimation flasks were soaked in the respective media for 24 h before use, These acclimation flasks were 25ml beakers which contained 5 ml of acclimation medium. After the 0.05ml samples of the nauplii were added to the flasks they were agitated in a Dubnoff Shaking Metabolic Incubator (Precision Scientific, Chicago, 111.) at 25OC and 60 oscillationslmin.
Micropurtcture of the nuuplii. The equipment used for micropuncture included a Superzoom 7 stereomicroscope (Bausch and Lomb, Rochester, N. Y.), a Leitz micromanipulator, an RP series Brinkman micromanipulator (Brinkman Instruments, Westbury, N. Y.), a light source (Monla, Leitz), glass syringes which provided suction and pressure to the two capillary holders, puncturing pipettes made from Curtiss Instruments no. 103 capillary tubes and filled with mineral oil colored with Sudan black, glass traps made from the same type of capillaries, and double-concavity microscopic slides.
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Both the puncturing pipettes and the shrimp traps were constructed in this laboratory. The tips of the puncturing pipettes needed to be thin and supple enough not to tear the delicate epithelium of the shrimp, sharp enough to enter easily, and large enough to resist occlusion of the tip lumen by cellular material. In order to obtain pipettes of this quality, capillaries were pulled on a micropipette puller (Industrial Science Associates, Ridgewood, N. Y.) and ground to a sharp bevel on an air-driven grinding wheel made by the same company. A right-angle micromanipulator held the pipette during grinding. Afterwards, the pipettes were cleaned and dried by aspirating and expelling 100% ethanol. Tip diameter was 7-9 pm, tip length was 5-6 mm. ARer grinding, a small syringe was used to inject the Sudan black-colored mineral oil. The glass naupliar traps were made from capillaries pulled by hand over a microtorch flame but not pulled apart (Fig. 1 ). This left a thin center section bounded by a larger section on either end. A cup to hold the shrimp was formed at one end of the capillary tube by cutting the tube at one end of the thin section; the cutting instrument was a diamondtipped glass cutter. Grinding gently on the grinding wheel smoothed the rough edges of the traps. The equipment used in the micropuncture was arranged around the double-concavity microscope slide which held the nauplii, On the lefi side of the microscope slide one of the capillary holders held the shrimp trap almost horizontally; the Brinkman micromanipulator held the capillary holder which was connected to the syringe with a polyethylene tube. On the right side of the cephalothorax just posterior to the ocellus (9). The microscope slide, the Leitz micromanipulator controlled anterior portion of the cephalothoracic hemocoel, the the puncturing pipette; another tube connected the cavity from which the samples were taken, is located other syringe to the capillary holder of the Leitz microdirectly under this area. The sarcomeres from the manipulator.
The Bausch and Lomb stereomicroscope locomotory antennae that run through the central porwas positioned over the field, and the light source provided illumination from the rear. The arrangement of the instruments for micropuncture is shown in the diagram of Fig. 2 .
At predesignated intervals a number of the nauplii were transferred with a disposable pipette from the media to the microscope slide. The rest of the micropuncture procedure took place under the microscope.
Actively swimming, first instar nauplii were sucked into the shrimp trap by the exertion of negative pressure from the &ringe. It was necessary that the nauplius be caught by the tail in order that the cephalothoracic regi next step onbe a ccessible to the puncturing Pi pette. The was to rotate the shrimp around i .ts longitudinal axis with the pipette tip until the shrimp was in the proper position for pun&ring.
In this position the dorsal-ventral plane of the shrimp was parallel to the field of view and the neck organ was at the top of the field. The puncturing pipette approached the shrimp from an angle of about 30" dorsal to the longitudinal axis of the &imp, as shown in Fig. 2 . If the nauplii were to be punctured in a medium other than their acclimation medium they were lifted from the one concavity of the microscope slide after their entrapment and placed in the conca&y which held the other medium.
Each nauplius was punctured on the dorsal side of its
tion of this cavity seem to be the main source of occlusion of the pipette and, in general, the most successful samplings were those taken from the most anterior or the most posterior portions of the hemocoel where the sarcomeres are not found. The introduction of the puncturing pipette into the nauplius was accomplished by carefully placing the pipette tip upon the puncture site and then piercing the epithelium with a short, quick, gentle jab. Once inside, the tip was located by the continued expulsion of the oil which formed a dark bubble inside the animal. After the positioning of the pipette tip the pressure of the syringe w 'as reversed, and the aspiration of the hemolymph was begun. Collapse of the cephalothoracic hemocoel was the best indication of a good collection. To capture, puncture, and collect samples from each nauplius usually took from 3 to 5 min. Immediately &r collection the pipette tip was removed from the nauplius, placed under oil, and stored until analysis.
In order to make certain tha t the samples of hemolymph were not contamina .ted by medium, In preparation for analysis of hemolymph by the Helium Glow photometer the samples were ejected from the sampling pipettes onto the bottom of a clear plastic trough filled with mineral oil. Each microscopic bubble represented the pooled hemolymph of two nauplii and 0 [ up into pipettes and placed in the trough. Analyses of the samples and standards were made without any dilution. From one to five (usually from two to three) readings were made on each sample, depending on the amount of sample present.
Regulation of the temperature of incubation of nauplii was accomplished, when needed, by placing the doubleconcavity slide on a specially designed thermocouple plate which could be cooled to below ambient temperatures. The temperature was set and controlled by a were taken from the hatching media and were suspended as described above in the solutions shown on Table 2 . Naupliar hemolymph was collected through micropuncture at from 60 to 80 min, from 200 to 220 min, and from 400 to 430 min from the suspension of the nauplii in the acclimation media. In pilot experiments it was found that no further changes of the concentrations of sodium occur in the hemolymph between 400 and 1,400 min. Thus, all observations were limited to between 0 and 430 min of incubation.
In one set of acclimation experiments, 1 ml of freshly hatched nauplii were added to 500 ml of medium and were incubated as above for 20 days. The media used in these experiments were seawater solution and seawater solution containing 3,500 mM NaCl through the addition of NaCl crystals to artificial seawater solution. The media were changed daily in order to maintain the ionic composition stable. After the 4th day the animals were fed small amounts of dry yeast. Animals were removed at the intervals shown in Fig. 4 and hemolymph was sampled as described below. At least 10 animals were punctured each day and the sodium concentration of the hemolymph was determined as described below. It should be noted that by the 5th day of incubation the nauplii had begun the gradual morphological transformation to adult brine shrimp. This transformation was complete by the 20th day.
Experiments of influx and ef%ux of 2zNa in nauplii.
The nauplii in these experiments were again acclimated for 2 h in 500 mM NaCl solution. At this time 150 ~1 of nauplii and medium were pipetted into 150 ~1 of an equimolar solution containing 22NaC1. Because of the small volumes, the mixing of the two solutions took place directly on the double-concavity microscope slide used in the micropuncture procedure.
In the face of evaporation of water and in order to keep the salinity of the suspension constant, it was necessary to add doubledistilled water to the media during the course of the experiment.
Zero time was the time at which the nauplii were introduced to the 22Na. After placing the nauplii in the 22Na-containing solution as described above micropuncture and sampling of hemolymph were conducted at predesignated times as shown in Fig. 5 . Six hemolymph samples were pooled under oil in a vertically suspended capillary tube. A lo-ml volumetric pipette was used to transfer part of the pooled sample to another capillary tube partly filled with distilled water. This tube was sealed on both ends with a microflame and the beta emissions were counted on a NuclearChicago, model 2230 beta counter. Repeat analysis of the medium gave a relative standard deviation of 2% for this procedure. The specific activity (SA) of 22Na in hemolymph and media was calculated from the equation SA = 22Na cpm/ [Na] and was expressed as cpm/meq Na. The ratio SA in hemolymph/SA in medium was calculated, and it was used to express the relative rate of 22Na influx into the body fluid of the nauplii.
These six experiments were performed at 25OC. The experiments of 22Na efflux were performed by preloading nauplii with 22NaC1 and then washing and transferring them in equal volume of a nono2*Na containing 500 mM NaCl or mannitol solution. During incubation the 22Na SA was measured in naupliar hemolymph and medium as above. Six of these experiments of 22Na efflux were performed at 25' and six at 5°C.
Experiments of recovery of 22Na from different sites of the naupliar body. Nauplii were preloaded with 22NaC1 as described above. For each experiment a nauplius was washed in a solution of 500 mM NaCl and transferred to a micropuncture chamber containing the same NaCl solution. A glass trap partially filled with colored mineral oil and with artificial seawater solution at the tip was applied to the predesignated site of the naupliar body, and it was kept there through gentle negative pressure for 15 min. It was then removed from the medium, and the nauplius was separated with a needie and dropped back into the suspending medium. The nauplius and suspending medium were measured for 22Na as above. The amount of radioactivity recovered from each site was expressed as per cent of the total radioactivity of the nauplius. sodium concentration of 792 meq/l at the end of that period. The naupliar hemolymph had an osmolarity of 197 t 11 mosmol/l and sodium and chloride concentrations of 102 t, 12 and 98 t 14 meq/l, respectively.
RESULTS
As shown in Fig. 3 , changes in the sodium concentration of the naupliar hemolymph occurred in the first 60-80 min after the transfer of nauplii from the hatching medium to the acclimation media shown on this graph. The hemolymph sodium concentration increased in the first 80 min of incubation in nauplii placed in media hypertonic to the hatching medium. Between 80 and 420 min of incubation the sodium concentrations in these nauplii decreased but remained above those observed in the nauplii incubated in media hypotonic to the hatching medium. In these media, the sodium concentrations decreased in the first 60-80 min but remained unchanged thereafter for up to 420 min of incubation at 25°C. It was noted that the hemolymph of the nauplii incubated in the medium containing 20 mM NaCl had at all times sodium concentrations significantly above those of the medium.
In the long-term acclimation experiments shown in Fig. 4 it was demonstrated that the sodium concentration in the hemolymph of nauplii did not change for 4-6 days. Then, as the nauplii began the transformation to adult animals, a gradual increase in the sodium concentration of the hemolymph was observed. In the animals incubated in seawater solution the sodium concentration rose from 92 2 SD 6 meq/l on day 1 to 148 t SD 7 meq/l on da_y 20. In the animals incubated in 3,500 mM NaCl seawater solution the levels of hemolymph sodium concentration rose from 111 2 SD 9 on day I to 156 t SD 6 meq/l on day 20.
In a different group of experiments, shown in Table 4 , the osmotic and sodium concentration gradients between naupliar hemolymph and different acclimation media were compared after 200 min of incubation. Again, it was clearly demonstrated that in media with sodium concentrations between 80-4,900 meqll the hemolymph had significantly lower (P c 0.001) concentrations of this ion than the media. In the case of nauplii
Solutbon incubated in the medium with 20 meq/l Na, both osmolarity and sodium concentration of the hemolymph were significantly higher (P < 0.001) than those of the medium.
As shown in Fig. 5 , the influx of "'Na from the medium into the naupliar hemolymph was indicated by the time required for the 22Na SA in the hemolymph to become equal to that of the medium. 
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NaCl medium which did not contain 22Na the efflux was measured by the decrease in the specific activity of 22Na in the hemolymph. Complete loss of the hemolymph took place in 90 min when the nauplii were incubated at 25°C but it was slowed and was still incomplete at 200 min of incubation when at 4°C (Fig. 6 ).
As shown in Table 5 , the recovery of '*Na from different sites of the surface of the naupliar body was negligible in the tail, ventral surface, and dorsal surface posterior to the neck organ. The area of the neck organ was the part of the naupliar body from which most of z'Na was recovered, with small amounts recovered from the oral end of the animal.
DISCUSSION
This study demonstrates that the hemolymph of the nauplius of the brine shrimp A. saZina is markedly hypotonic to seawater and media of higher salinity in which the animal is suspended. Tfie bulk of the osmotic constituents of the naupliar hemolymph is accounted for by sodium and chloride ions, and the osmotic gradients that exist between hemolymph and external aqueous environment are based on differences in sodium chloride concentrations.
These concentration gradients, which can be as high as 4,800 mM NaCl, would tend to cause influx of sodium and chloride ions into the body of the nauplius. This influx was indicated by the influx of 22Na into the naupliar hemolymph.
In order to maintain constancy of its internal environment the nauplius should have the ability to expel NaCl from its body fluids. These experiments indicate that the bulk of the NaCl extrusion is effected at the neck organ of the nauplius, a structure which has morphological and histochemical characteristics of a salt gland (1). This study establishes the physiological basis of osmoregulation in the nauplii of A l saZina, which is a prerequisite for the interpretation of the results of other morphological, biochemical, and enzymological studies of this animal. The ease of storage and hatching of A. salina cysts, the fact that in the first few days of their life the nauplii do not require feeding as they carry their own yolk in the gut, and their extreme adaptability to media of varying salinities make these animals valuable experimental tools for the studies of the biology of adaptation in highly saline environments. Comparison of the present data with the data obtained by Croghan (2) through analysis of the body fluids of the adult A. saZina reveals that the nauplii have significantly lower osmolarities and sodium and chloride concentrations in their hemolymph than the adult animals. With the animals suspended in seawater the sodium and chloride concentrations of the adult hemolymph were 170 an8 153 meq)\, respectively, while in the naupliar hemolymph the same values were 102 and 98 meq/l. The sums of the concentrations of sodium and chloride accounted for practically all the solute concentrations measured in both nauplii and adult brine shrimp clearly indicating that these are the basic osmotically active ions in the body fluids of this animal throughout its life cycle.
As shown on Fig. 4 , the nauplii have the ability to maintain stably the hemolymph sodium concentration throughout the 4-to 6-day cycle of their existence as nauplii. As they begin to differentiate into adult brine shrimp a gradual increase in the hemolymph sodium concentration is observed. The levels reached at day 20 are those of the adult brine shrimp and are maintained thereafter throughout the life of the animal. The adaptive capacity of nauplii to high environmental salinity is most impressive since they can survive, thrive, and differentiate in the face of hemolymph to medium NaCl gradients in excess of 3,300 mM NaCl. The variations of the NaCl concentrations in the hemolymph after adaptation to media of different salinity are minimal, as shown in Figs. 3 and 4 . During the process of adaptation to media with higher salt concentrations than the hatching medium, the naupliar hemolymph shows a significant elevation in the sodium concentration in the first 80 min of incubation followed by a gradual decline. This may represent the time required for the adaptive process, i.e., outward transport of salt, to be triggered and develop its full capacity. During this time, movements of salt along the concentration gradient and accumulation in the hemolymph may take place. On the other end of the spectrum, when nauplii are placed in a dilute salt solution of 20 mM NaCl, an initial decrease in the sodium concentration of the hemolymph took place in the first 60 min of incubation. ThereaRer, and for up to 24 h, the nauplii maintained 
